The assimilation of one-carbon (C1) compounds, such as methanol, by serine cycle methylotrophs requires the continuous regeneration of glyoxylate. Instead of the glyoxylate cycle, this process is achieved by a not yet established pathway where CoA thioesters are known to play a key role. We applied state-of-the-art metabolomics and 13 C metabolomics strategies to demonstrate how glyoxylate is generated during methylotrophic growth in the isocitrate lyase-negative methylotroph Methylobacterium extorquens AM1. High-resolution mass spectrometry showed the presence of CoA thioesters specific to the recently proposed ethylmalonyl-CoA pathway. The operation of this pathway was demonstrated by short-term 13 C-labeling experiments, which allowed determination of the sequence of reactions from the order of label incorporation into the different CoA derivatives. Analysis of 13 C positional enrichment in glycine by NMR was consistent with the predicted labeling pattern as a result of the operation of the ethylmalonyl-CoA pathway and the unique operation of the latter for glyoxylate generation during growth on methanol. The results also revealed that 2 molecules of glyoxylate were regenerated in this process. This work provides a complete pathway for methanol assimilation in the model methylotroph M. extorquens AM1 and represents an important step toward the determination of the overall topology of its metabolic network. The operation of the ethylmalonyl-CoA pathway in M. extorquens AM1 has major implications for the physiology of these methylotrophs and their role in nature, and it also provides a common ground for C1 and C2 compound assimilation in isocitrate lyase-negative bacteria.
M
ethylotrophic bacteria are organisms capable of using reduced carbon compounds, such as methanol or methane, as sole sources of carbon and energy, and they play a key role in carbon cycling in their environment. They also represent promising organisms in biotechnology for the conversion of one-carbon (C1) substrates to value-added products (1) . The elucidation of the mechanisms enabling growth on reduced C1 compounds of Methylobacterium extorquens AM1, one of the most studied methylotrophs, has been a longstanding goal, and although great progress has been made (2) (3) (4) (5) , it is still not fully achieved. A key point has been to understand how the bacterium incorporates C1 units into cell material. The serine cycle was elucidated in this organism during the early 1960s by Quayle and coworkers (6) (7) (8) (9) . The assimilation of C1 units by this pathway requires continuous regeneration of glyoxylate from acetyl-CoA and can be achieved, in principle, via the well-known glyoxylate cycle (10) . However, Dunstan and coworkers (11) (12) (13) (14) showed in 1972 and 1973 that M. extorquens AM1 lacks the key enzyme of the glyoxylate cycle, isocitrate lyase, but has an alternative route involving oxidation of acetate to glyoxylate that functions during growth on both C1 and C2 compounds. Also, other organisms, including the photosynthetic Rhodobacter sphaeroides are known to require an alternative to the glyoxylate cycle when growing on C2 substrates or on substrates that are converted into acetyl-CoA to enter central metabolism (15) (16) (17) (18) .
Recent studies, including mutant analyses, gene predictions, enzyme assays, and metabolite studies in M. extorquens AM1, have led to the observation that a complex sequence of CoA thioester derivatives is involved in glyoxylate regeneration, resulting in the hypothesis of the so-called glyoxylate regeneration cycle (GRC) (19, 20) [ Fig. 1 and supporting information (SI) Table S1 ]. According to this pathway, a C5 compound, methylsuccinyl-CoA, is formed from the condensation of 2 acetyl-CoA molecules plus 1 CO 2 and is decarboxylated twice in a process similar to valine degradation. The specific intermediates of the GRC are isobutyryl-CoA, metacrylyl-CoA, and hydroxyisobutyryl-CoA, and the result is the formation of propionyl-CoA. Subsequently, propionyl-CoA is transformed to malate, from which 1 glyoxylate and 1 acetyl-CoA are generated (20) . More recently, a second hypothesis, the ethylmalonyl-CoA pathway (EMCP), was proposed from studies of C2 assimilation pathways in R. sphaeroides (21) (22) (23) . This pathway ( Fig. 1 and Table S1 ) includes the formation of methylsuccinylCoA, which is further converted to methylmalyl-CoA, from which both glyoxylate and propionyl-CoA are released by cleavage (22) . The propionyl-CoA can then be converted to C4 compounds and assimilated as cell material (23) .
The 2 pathways mentioned above are still hypothetical, and none has been firmly demonstrated to operate in vivo. They differ strikingly in terms of carbon balance and, therefore, overall carbon yield for methylotrophic growth. The GRC includes a net decarboxylation step, whereas the ethylmalonyl-CoA pathway includes net carboxylation steps. This makes the second pathway more efficient in terms of carbon assimilation and has important implications with regard to the physiology of these methylotrophs and their actual biotechnological potential.
In this work, we combined state-of-the-art metabolomics and 13 C metabolomics strategies to examine the pathway of glyoxylate regeneration occurring in M. extorquens AM1 under methylotrophic conditions. The development of an original liquid chromatography high-resolution mass spectrometry (LC-HRMS) method allowed for the identification of almost all intermediates of the ethylmalonyl-CoA pathway. Detailed and conclusive information regarding the operation of the ethylmalonyl-CoA pathway as the predominant process for glyoxylate formation was obtained from 13 C-labeling experiments in which kinetic isotopomer profiles collected by LC-HRMS during short-term 13 C-labeling experiments were combined with steady-state isotopomer distributions measured by NMR.
CoA thioesters as key intermediates; however, the nature and number of these metabolites differ for the GRC and the ethylmalonyl-CoA pathway (Fig. 1) . To determine which reactions occur in M. extorquens AM1 during methylotrophic growth, the presence of CoA thioesters in methanol-grown cells of M. extorquens AM1 was analyzed ( Fig. 2 and Table S2 ). To this end, an LC-HRMS method for the detection of possibly occurring CoA thioesters, including the 15 CoA derivatives that have been considered in the different hypothetical pathways (20, 23) , was developed. The intermediates specific to the GRC, including isobutyryl-CoA, methacrylyl-CoA, and ␤-hydroxyisobutyryl-CoA (20), could not be detected. In contrast, the 2 specific intermediates of the ethylmalonyl-CoA pathway, mesaconyl-CoA and ␤-methylmalyl-CoA (23), were identifiable in the cell extracts of methanol-grown cells.
Short-Term 13 C-Labeling Experiments. Short-term labeling experiments were performed to further investigate the sequence of reactions leading to glyoxylate formation. These experiments were carried out with [1-13 C]-acetate, because this metabolite is converted to acetyl-CoA, the initial metabolite from which glyoxylate is formed during assimilation of C1 and C2 compounds. In addition, the fate of the C1 carbon of acetate differs between the 2 proposed pathways for glyoxylate regeneration (20, 23) (Fig. 3) . Therefore, both the kinetics of label incorporation into pathway intermediates and the nature of the generated isotopomers provide discriminative information. Furthermore, the isotopomer pattern should be consistent in all CoA thioesters participating in a same linear sequence of reactions.
Incorporation of the 13 C label into each CoA thioester during the 13 C acetate-labeling experiment was monitored by LC-HRMS over time (Fig. 4 ) from cells grown in the presence of 12 C-enriched methanol. As expected, acetyl-CoA was the first CoA metabolite in which the label was detected. The label was subsequently found in (in order) 3-hydroxybutyryl-CoA, ethylmalonyl-CoA, methylsuccinyl-CoA, and mesaconyl-CoA, immediately followed by propionylCoA. The percentage of 13 C incorporated into the 3 C5 CoA derivatives was quite similar. This finding, as well as the observation that the incorporation of the label into the C3 CoA thioester Table S1 . Metabolite numbers are according to Fig. 2 . propionyl-CoA was essentially indistinguishable from that of the 2 C5 CoA thioesters, methylsuccinyl-CoA and mesaconyl-CoA, indicates that no loss of labeled carbon occurred. After propionylCoA, methylmalonyl-CoA was found to be labeled, followed by succinyl-CoA. Their isotopomer profiles were similar to those of metabolites in the early steps of the pathway, indicating that they are all connected through the same sequence of reactions.
After 10 s of incubation, the percentage of 13 C label incorporated into ethylmalonyl-CoA did not increase further, unlike other CoA metabolites (Fig. 4) . Further investigations are needed to understand this observation. However, the mass isotopomer distribution (relative proportions of M0, Mϩ1, Mϩ2, etc.) of ethylmalonyl-CoA remained constant over time, suggesting that the process by which the label was transferred from [
13 C]acetate to this metabolite did not change during the incubation period.
The mass isotopomers of few CoA intermediates were difficult to quantify because of small pool sizes. Therefore, replicate samples collected at the same time points were pooled and concentrated. The concentrated samples indicated that crotonyl-CoA was labeled similarly to 3-hydroxybutyryl-CoA and before butyryl-CoA and ethylmalonyl-CoA. Butyryl-CoA was found to be labeled more than ethylmalonyl-CoA and similarly to methylsuccinyl-CoA. ␤-methylmalyl-CoA was labeled before the other C5 compounds mentioned above and with a high level of Mϩ2, which supposes an incorporation of label from mesaconyl-CoA plus an entry of label from glyoxylate due to the reversibility of the reaction catalyzed by L-malyl-CoA/␤-methylmalyl-CoA lyase (22, 24) .
Taken together, the label incorporation in CoA thiosters is in agreement with the sequence of reactions shown in Fig. 1 and suggests the operation of the ethylmalonyl-CoA pathway (23) .
Mass Isotopomers of Propionyl-CoA. Because the fate of carbon atoms derived from [1- 13 C]acetate is different in the 2 proposed pathways, the generated propionyl-CoA molecules do not receive the same number of carbon atoms; i.e., doubly labeled Mϩ2 propionyl-CoA would be formed according to the ethylmalonylCoA pathway (Fig. 3) , whereas only singly labeled Mϩ1 propionylCoA would be formed according to the GRC as a result of carbon loss as CO 2 . Examination of the evolution of the mass isotopomer distribution of propionyl-CoA during [1- 13 C]acetate-labeling experiments showed increases of Mϩ2 until 24.1% Ϯ 2.6% at 90 s of incubation time. To determine whether a decarboxylation step operates between methylsuccinyl-CoA and propionyl-CoA, the proportion of Mϩ2 isotopomers in methylsuccinyl-CoA and propionyl-CoA during the entire labeling experiment was compared ( Fig. 5 ). The proportion was found to be the same, indicating that no decarboxylation reaction occurred, as would have been observed if the GRC was operating under our experimental conditions.
Analysis of Glycine Isotopomers Generated from [ 13 C]Methanol Under
Pure Methylotrophic Conditions. To examine the contribution of the ethylmalonyl-CoA pathway to glyoxylate regeneration under pure methylotrophic conditions, a model of glyoxylate metabolism was built up to simulate the theoretical fate of carbon in the central metabolic network (serine cycle, glyoxylate regeneration, and citric acid cycle) of M. extorquens AM1 from [ 13 C]methanol and CO 2 at natural abundance. This model was used to calculate the steadystate isotopomer distribution in glyoxylate expected to occur when each pathway (either GRC or EMCP) was considered separately (for information on underlying considerations and results, see Fig.  S1 ). By operation of the GRC (20), the 2 major isotopomers are expected to be 12 C 1 -13 C 2 and 13 C 1 -12 C 2 , and they should represent 41.1% and 33.3%, respectively, of all glyoxylate isotopomers (Table  1) . According to the ethylmalonyl-CoA pathway (23), the 2 major isotopomers are expected to be 12 C 1 -13 C 2 and 12 C 1 -12 C 2 , and their steady-state proportions should represent 57.1% and 39.1%, respectively, of all glyoxylate isotopomers (Table 1) . Taken together, the results of these simulations revealed that the 2 pathways result in strongly discriminative labeling patterns in glyoxylate.
Notably, Large et al. (7) in 1962 used 14 C-labeling strategies to investigate the serine cycle in M. extorquens. They found disproportionate labeling, in which 92.5% of the label from [
14 C]methanol incorporated into glycine was recovered in the C2 position. Although these results found almost half a century ago were not interpreted in that way, they are consistent with the operation of the ethylmalonyl-CoA pathway (23) ( Table 1) . This seminal study, however, did not provide detailed measurement of the various isotopomers from which conclusive information regarding the operation of the 2 pathways could be obtained.
To obtain more detailed labeling information, we analyzed by NMR the positional isotopomers of glycine. Data were generated during steady-state 13 C-labeling experiments carried out with 13 Cenriched methanol and CO 2 at natural abundance, so that the labeling of free glycine-and glyoxylate-could be measured from the more abundant proteinogenic glycine. The 4 positional isotopomers of glycine were measured by combining 2D ZQF-TOCSY and 2D-HSQC experiments (25, 26) (Table S3 and Fig. S2 ). The results obtained for 3 biological replicates are shown in Table 1 . The fractional enrichments (percentages of label in the carbon position) of C1 and C2 were 7.6% and 65.7%, respectively, indicating that 89.6% Ϯ 6.6% of the 13 C label was recovered in the C2 position in our experiments. The latter value is closely similar to the 92.5% determined by Large et al. (7) in 1962.
The steady-state distribution of [ 13 C]isotopomers in glycine (Table 1) was used to determine the metabolic origin of glyoxylate in M. extorquens AM1 under pure methylotrophic conditions. The relative flux distributions calculated are displayed in Fig. 6 . The steady-state positional isotopomers of glycine were consistent with the almost unique operation of the ethylmalonyl-CoA pathway (flux relative to methanol uptake: 25% Ϯ 1%), because the contribution of the GRC, if any, was within the limits of experimental errors (0% Ϯ 2%). The apparent discrepancy between the observed isotopic pattern of glyoxylate (Table 1 ) and the theoretical expectations for the pure operation of the ethylmalonyl-CoA pathway could be explained by the contribution of 13 C CO 2 produced by methanol oxidation. The culture was aerated with 5% CO 2 to remove the 13 C CO 2 produced by the bacteria. Under this condition, 6% CO 2 was found to come from methanol oxidation. Moreover, all isotopomer constraints were satisfied in the calculations, suggesting that if any other pathway contributed to glyoxylate formation, it would result in the same labeling patterns as those induced by the metabolic pathways considered.
The data shown in Fig. 6 allowed us to calculate the contribution of the various pathways to glyoxylate biosynthesis. For each turn of the serine cycle, 25% of glyoxylate molecules were regenerated by direct cleavage of methylmalyl-CoA, whereas the remaining 75% were obtained from malate. Of these 75%, Ϸ50% corresponded to malate recycled in the serine cycle, and the remaining 25% were generated from the propionyl-CoA molecules generated in the ethylmalonyl-CoA pathway. This indicated that the proportion of glyoxylate molecules regenerated from propionyl-CoA (25%) was in the range of that generated directly from the cleavage of methylmalyl-CoA (25%). These data were consistent with the wide majority of propionyl-CoA molecules generated in the ethylmalonyl-CoA pathway being used for the regeneration of glyoxylate.
Discussion
The present study shows that glyoxylate regeneration in M. extorquens AM1 occurs by the ethylmalonyl-CoA pathway (23). This conclusion was drawn from: (i) examination of the CoA thioesters present in cells during growth on methanol, (ii) kinetics of label incorporation in these CoA thioesters during short 13 C-labeling experiments, and (iii) steady-state 13 C-labeling experiments providing quantitative information with regard to the metabolic origin of glyoxylate carbon atoms, which essentially rule out a contribution of the GRC.
The original LC-MS method developed here for direct analysis of the CoA thioesters proved to be critical to demonstrate the occurrence of specific intermediates of the ethylmalonyl-CoA pathway and to determine the sequence of reactions. It provides an analytical platform for the analysis of a large number of CoA thioesters, which are of broad interest not only for the study of methylotrophy but also for other metabolic purposes, such as CO 2 assimilation in autotrophs (27) , fatty acid and polyketide metabolisms, and bioremediation/degradation of aromatic compounds and hydrocarbons (28, 29) . The present work also emphasizes the complementarities of MS and NMR to resolve the topology of complex metabolic networks from 13 C-labeling experiments. The present work demonstrates that the combination of the 2 methods is highly valuable, because the (increasing) sensitivity of mass spectrometers allows short-term labeling experiments to be carried out, resulting in dynamic information on a given metabolic network, whereas NMR is unique in providing detailed positional labeling information from which metabolic pathways can be directly identified and quantified.
The sequence of reactions that converts acetyl-CoA into glyoxylate observed in M. extorquens AM1 in vivo is in agreement with that proposed for R. sphaeroides (23) , where crotonyl-CoA is converted into ethylmalonyl-CoA by the crotonyl-CoA reductase/ carboxylase (23) . The data do not rule out that this conversion could occur also via butyryl-CoA (20) and its carboxylation by propionyl-CoA carboxylase (Fig. 1) , although the recent demonstration that crotonyl-CoA reductase/carboxylase is present in methanol-grown M. extorquens makes the former process more likely (23) . In any case, the pathway converts 2 acetyl-CoA molecules into glyoxylate and succinyl-CoA, and the carbon balance of the process is: Experimental data were obtained from NMR data recorded on proteinogenic amino acids of M. extorquence AM1 growing on [ 13 C]methanol and 5% CO 2 at natural abundance. The distribution of glycine isotopomers expected from the pure operation of either the GRC (20) or EMCP (23) This balance highlights the occurrence of 2 net carboxylation steps in the ethylmalonyl-CoA pathway, which is different not only from the GRC, where carbon loss would occur, but also from the classical glyoxylate cycle (10) , where no carboxylation occurs.
The operation of the ethylmalonyl-CoA pathway has major implications for C1 assimilation in M. extorquens AM1 in terms of carbon balance and metabolic organization. The carbon balance of the whole process of C1 assimilation depends on the behavior of the succinyl-CoA molecule generated along with glyoxylate in the ethylmalonyl-CoA pathway. Erb et al. (23) proposed that succinylCoA was directly incorporated into cell material; however, the labeling data collected here for pure methylotrophic growth conditions indicate that succinyl-CoA is used to regenerate glyoxylate. Moreover, the positional isotopomers of glycine measured by NMR were consistent with a significant contribution of this process to glyoxylate regeneration, because the proportion of glyoxylate molecules regenerated from propionyl-CoA was calculated to be similar to that released by the cleavage of methylmalyl-CoA. These results indicate that not only 1 but 2 molecules of glyoxylate are regenerated by the ethylmalonyl-CoA pathway in M. extorquens AM1, with the following carbon balance:
The demonstration of the ethylmalonyl-CoA pathway closes the serine cycle during methylotrophic growth, a problem that has been unsolved since 1963 (9) . The mechanism of C1 assimilation resulting from our observations (Fig. 6) shows that 2 molecules of glyoxylate can be regenerated at the same time. It also provides the molecular basis for the explanation of labeling data showing that roughly half the biomass carbon comes from CO 2 during methylotrophic growth conditions under laboratory conditions (6, 30) . Therefore, the oxidation of methanol into CO 2 occurring in the initial steps of methanol utilization appears to be critical not only for energy purposes but also for carbon assimilation. A comparison of the carbon balance in ICL-negative and ICL-positive serine cycle methylotrophs (Fig. 7) reveals that the former organisms have a higher CO 2 fixation ability than the latter, although the energetic cost is likely to be higher as well. The high efficiency of carbon recovery during methylotrophic growth has major implications for the physiology of these widespread organisms and for their role in carbon cycling in their environment, and it poses questions as to what extent CO 2 is recycled from endogenously formed methanol or the atmosphere under natural conditions.
Materials and Methods
Reagents, Medium Composition, and Culture Conditions. 
Sampling and Extraction of CoA Thioesters.
A total of 1 mL of culture corresponding to 0.6 mg of cell dry weight was directly transferred into 4.5 mL of 95% acetonitrile at Ϫ20°C containing 25 mM formic acid for quenching. To provide instantaneous quenching of metabolic activity, the sample was added into the quenching solution on a Vortex. Cells were disrupted by 3 sonication steps (30 s, 23 kHz) by using a Soniprep 150 device (Sanyo) and carried out in a cooling bath (T Ͻ Ϫ10°C), with 30 s between each treatment. After the addition of 20 mL of ice-cold H2O, the sample was chilled with liquid nitrogen. Frozen samples were stored at Ϫ20°C until freeze drying. Subsequently, 300 L of an ice-cold, 25 mM ammonium formate buffer (pH 3.5, 2% MeOH) was added. The suspension was centrifuged (14,000 ϫ g, 2 min, Ϫ5°C), and the supernatant was filtered through a Sartorius Minisart filter (pore size 0.2 m) before analysis.
LC-MS Analysis.
Analyses were performed with a Rheos 2200 HPLC system (Flux Instruments) coupled to an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific), equipped with an electrospray ionization probe. CoA esters were separated with a C 18 analytical column (Gemini 150 ϫ 2.0 mm, particle size 3 m; Phenomenex) at a flow rate of 220 L min Ϫ1 . Injection volume was 10 L. Solvent A was 50 mM formic acid adjusted to pH 8.1 with NH4OH, and solvent B was methanol. The following gradient of B was applied: 0 min, 5%; 1 min, 5%; 10 min, 23%; 20 min, 80%; 22 min, 80%. MS analysis was done in the negative FTMS mode at a resolution of 15,000 (m/z ϭ 400) to determine mass isotopomer distribution patterns and at a resolution of 60,000 (m/z ϭ 400) to identify CoA thioesters and to detect potential mass peak overlapping problems. Sheath gas flow rate was 40, aux gas flow rate was 10, tube lens was Ϫ90 V, capillary voltage was Ϫ4 V, and ion spray voltage was Ϫ4.7 kV. Comparison of C1 assimilation pathways in isocitrate lyase-negative (ICLϪ; A), proposed from this study, and positive (ICLϩ; B) serine cycle methylotrophs. Note than CO 2 is derived from methanol, and therefore the overall carbon balance is the same in the 2 organisms: 3 methanol31 C3.
To start, 1 mL of culture growing on [ 12 C]methanol was quickly added with a syringe in the Eppendorf tube, and the sample was vortexed. A final acetate concentration of 50 mM was chosen to reach the same concentration as methanol. The acetate homogenization time in the final sample was found to be 1.1 Ϯ 0.2 seconds. After various incubation times, the solution was added to the quenching solution, and the CoA thioesters were analyzed as explained above. The efficiency of the quenching process was evaluated by examining label incorporation into CoA thioesters in a culture sample injected in the quenching solution containing [1-13 C]acetate without an incubation period and revealing no incorporation of label.
Calculations of Normalized 13 C-Label Incorporation. The incorporation of 13 C label in each CoA ester during short-term 13 C-labeling experiments was calculated from the analysis of the corresponding isotopic cluster in the mass spectra. The data were corrected for naturally occurring isotopes, the contribution of which was determined from the analysis of samples collected just before the addition of [1-13 C]acetate. Results are expressed as percent of 13 C atoms incorporated in the molecule. Because the different CoA esters do not receive the same number of 13 C atoms from [1-13 C]acetate, results were normalized according to the maximum number of 13 C atoms that can be received from [1-13 C]acetate in the considered molecule (''normalized fractional labeling,'' L 1-Ac):
Where Mi is the proportion of the mass isotopomer corresponding to molecules having incorporated i 13 C atoms from [1-13 C]acetate; n is the maximum number of [ 13 C]carbon that can be incorporated into the molecule from [1-13 C]acetate (note that for some compounds, n is different according to GRC or EMCP).
NMR Analyses. All 1D and 2D NMR spectra were recorded on a Bruker Avance II 500-MHz spectrometer using a 5-mm z-gradient BBI probe head. The data were acquired and processed by using TOPSPIN 1.3 software (Bruker). The temperature was 298 K. The 1D 1 H spectra were acquired by using a 30°pulse, 5,000-Hz sweep width, and 3.27-s acquisition times. A total of 128 scans were recorded, and relaxation delay between scans was 10 s. Proteinogenic amino acid sample was prepared as described previously (25) and modified as explained in the SI Text. Positional isotopomers of proteinogenic glycine were measured from (i) the analysis of carbon-carbon couplings in 2D-[ 1 H- 13 C]HSQC spectra and (ii) the analysis of heteronuclear 1 H, 13 C couplings in 2D ZQF-TOCSY spectra (25, 26) . The peak deconvolution was realized with the software GOSA-fit (www. biol-log.biz/). The value of the glycine 2 JH2C1 coupling constant was determined from the 1D 1 H analysis of 0.45 M [U-13 C, 15 N]glycine performed with and without COOH decoupling.
Flux Calculations. For the purpose of flux calculations, a reaction network describing C1 metabolism in M. extorquens AM1, including simplified reactions for biomass formation, was designed. This model described the stoichiometry of the reactions as well as the transitions of carbon atoms. Biomass requirements were obtained from Van Dien and Lidstrom (31) . Relative flux distributions were calculated from the positional isotopomers of glycine collected by NMR using both the 13C-Flux software developed by Wiechert (32) . Results are expressed as molar fluxes relative to the rate of methanol uptake (set arbitrarily to 1.0).
